About 30 Galactic supernova remnants (SNRs) are thought to be physically associated with molecular clouds (MCs). These systems are prime γ-ray source candidates as the accelerated particles from shock fronts collide with the surrounding high-density medium thus emitting gamma-rays through hadronic interactions. However only a handful of such interacting SNRs are detected at TeV energies. We report the current status of the High Energy Stereoscopic System (H.E.S.S.) observations towards these SNR-MC systems, with a particular emphasis on the latest results.
Introduction
Since the 1930s' 23 , supernova remnants (SNRs) remain the most probable sources of Galactic cosmic rays (CRs). Through the diffusive shock acceleration and subsequent magnetic field amplification mechanisms, particles can be accelerated up to the knee at the SNR shock surface. However despite several decades of multi-wavelength observations no compelling direct evidence in favor of efficient CR acceleration in SNRs has been observed yet. The interaction of protons and nuclei accelerated at the SNR shock with the interstellar/circumstellar medium (ISM/CSM) is accompanied by the emission of high/very-high energy (HE/VHE) γ-rays resulting of the decay of neutral pions. Such hadronic interactions are tracers of the amount of protons accelerated at the SNR shock. Hence SNRs interacting with dense interstellar material such as molecular clouds (MCs) are prime targets to test the SNR paradigm. Inverse Compton scattering of accelerated leptons off the different seed photon fields or non-thermal bremsstrahlung on ambiant nuclei can also give rise to γ-ray emission. These three mechanisms lead to different photon spectral shape in the GeV-TeV energy range. One can identify the γ-ray production process by using joint observations from imaging atmospheric Cherenkov telescopes (IACTs) such as the H.E.S.S., MAGIC, VERITAS experiments as well as the Fermi-LAT and AGILE telescopes.
The H.E.S.S. array detects γ-rays above an energy threshold of ∼ 100 GeV. The primary particle direction and energy are reconstructed with an energy resolution of ∼ 15% and an angular resolution of ∼ 0.1 • . About 50 H.E.S.S. sources are coincident with a Galactic SNR (from the Green's catalogue), among which 3 are firmly associated with a SNR-MC system (W51C 26, 21 In the following, the association of recently detected H.E.S.S. sources with SNR-MC interactions will be discussed in the light of their multi-wavelength counterparts and their spectral energy distribution modeling. Different SNR types detected in the γ-ray domain will be compared in order to emphasize some trends between isolated and MC-interacting SNRs. (2') is much smaller than the TeV emission. While the required energy budgets do not discard any of the SNR-MC shock and PWN scenarios, such offsets make the association unclear. HESS J1714-385 18 is coincident with the SNR G348.5+0.1 (also called CTB 37A) which is interacting with three molecular clouds as shown by the detection of several 1720 MHz OH masers in different locations in the SNR 27 . A slightly extended non-thermal X-ray source CXOU J171419.8-383023 which could be a PWN is detected in the north-western part of the remnant. However no associated pulsar is detected. On the one hand a PSR-PWN scenario is not ruled out by the estimated spin-down luminosity of a potential pulsar powering the nebula. On the other hand the derived CR energetics in the SNR-MC scenario are reasonable. Despite the slight extent of the TeV source, no detailed morphological study can be carried out for such a weak TeV source. Therefore, two possible scenarios remain to explain the HESS J1714-385 emission.
H.E.S.S. sources coincident with a SNR and a MC
The two TeV sources HESS J1834-087 and HESS J1640-465, both coincident with known SNRs and discovered in the H.E.S.S. Galactic Plane survey 13 have been followed up until 2012. The analysis of a larger amount of data led to more detailed morphological and spectral studies and resulted in the discovery of two new H.E.S.S. sources also coincident with SNRs: HESS J1832-093 nearby HESS J1834-087 and HESS J1641-463 close to HESS J1640-465.
HESS J1834-087 36 is a bright and extended VHE emission coincident with the SNR W41. The morphological analysis of the source results in the identification of two components: a TeV point-like component coincident with the central compact object (CCO) CXOU J183434.9-084443 37 which does not show any pulsation, and a surrounding TeV extended component with an extension of ∼ 0.17 • . In addition to detecting a CCO in the center of the remnant, X-ray observations revealed a PWN candidate in the form of non-thermal diffuse emission surrounding the X-ray compact source. The TeV source is marginally coincident with 12 CO 25 and 13 CO 30 line emissions. The analysis of 47 months Fermi-LAT data results in the detection of an extended GeV source coincident with HESS J1834-087, with a power law spectrum of index ∼ 2.15. The two TeV components are well described by power laws with softer spectral indices (Γ ≥ 2.6). A PWN scenario alone can not explain the combined spectrum of the extended GeV and TeV components. A SNR-MC scenario would imply a spectral break at ∼ 100 GeV to accomodate it. A break at a few GeV is observed in the spectra of several SNRs interacting with MCs (W51C 1 , W49B 2 , W28 3 , IC443 8, 6 , W44 4 ) and can be explained by the damping of Alfvén waves due to the presence of neutrals in the dense surrounding medium 35 . However it would be the first detection of a spectral break at so high energies. Assuming such a break, the combination of a PWN and SNR-MC scenarios could explain the Fermi-LAT and H.E.S.S. spectra.
HESS J1832-093 32 is a point-like source located 0.5 • from W41 and spatially coincident with the western radio rim of the SNR G22.7-0.2. Nor the age, neither the distance of this SNR are known. An X-ray point-like source is detected 1' away from the H.E.S.S. source and no GeV counterpart is observed 38 . From 13 CO observation 30 two clouds are detected towards the TeV emission and could be interacting with G22.7-0.2. The CRs energy budget resulting from such a SNR-MC scenario is reasonable however no tracer of a SNR-MC shock has been detected so far.
HESS J1640-465 is an extended γ-ray source coincident with the northern part of the G338.3-0.0 SNR shell. This distant SNR (∼10 kpc) is coincident with the southern part of a giant HII region G338.4+0.1 and is located nearby the stellar cluster Mc81. Fermi-LAT observations revealed a GeV counterpart to HESS J1640-465. A compact and extended X-ray sources 33, 40 are detected close to the center of the remnant and are compatible with the VHE emission but no pulsation has been detected. The latter source was suggested to be a potential pulsar and HESS J1640-465 was first interpreted as the associated PWN. The new H.E.S.S. results reveal that the TeV spectrum (Γ=2.15) connects smoothly with the Fermi-LAT powerlaw spectrum of index ∼ 2.3. This differs significantly from the previous HE spectral energy distribution and suggest that at least part of the TeV emission is likely of hadronic origin. The estimated product of total energy in protons and average target gas density from 1 GeV to 20 TeV is W p · n H ≈ 4 · 10 52 ( 34 . For HESS J1731-347 and HESS J1832-093, the flux of the closest Fermi detection is used as an UL (2FGL J1730.5-3350 and 2FGL J1827.4-0846 respectively) . The value of the GeV-TeV integrated flux ratio for isolated SNRs is much lower than for SNR-MC systems (I GeV /I T eV ≤ 6 · 10 3 ) and characterizes hard GeV and strong TeV sources. Some evident differences appear between the MC-interacting and isolated SNRs. Sources for which interaction with a MC is possible lie between the two distinct populations of SNRs. The inauguration of the fifth H.E.S.S. telescope last summer marks an encouraging step forward to disentangle features of confused sources, thanks to its improved sensitivity and reso- lution. The expected lower energy threshold of the instrument (E≥10 GeV) is a crucial tool for SNRs detected at GeV energies but not seen at TeV energies like W44. The detection of this strong GeV source resulting from the interaction of a SNR with a MC is still missing at VHE suggesting a cutoff or a break at a few ∼ 10 GeV.
